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Abstract

:

In 2020, we published a review on the study of semi-crystalline thermoplastic polyurethane elastomers and composites based on the shape memory effect. The shape recovery ability of such polymers is determined by their sensitivity to temperature, moisture, and magnetic or electric fields, which in turn are dependent on the chemical properties and composition of the matrix and the nanofiller. Nanocellulose is a type of nanomaterial with high strength, high specific surface area and high surface energy. Additionally, it is nontoxic, biocompatible, environmentally friendly, and can be extracted from biomass resources. Thanks to these properties, nanocellulose can be used to enhance the mechanical properties of polymer matrices with shape memory effect and as a switching element of shape memory. This review discusses the methods for producing and properties of nanocellulose-based thermo-, moisture-, and pH-sensitive polyurethane composites. The synergistic effect of nanocellulose and carbon nanofillers and possible applications of nanocellulose-based thermoplastic polyurethane biocomposites with shape memory effect are discussed. A brief description of nanocellulose terminology is also given, along with the structure of shape memory thermoplastic polyurethanes. There is significant interest in such materials for three primary reasons: the possibility of creating a new generation of biomaterials, improving the environmental friendliness of existing materials, and exploiting the natural renewability of cellulose sources.
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1. Introduction


Segmented thermoplastic polyurethanes (TPUs) represent an important class of adaptive, or smart, shape memory materials (SMMs) [1,2,3,4]. Fundamentally, TPUs are physically crosslinked semi-crystalline block copolymers. They consist of soft polyether or polyester macroglycol (polyol)-based segments and hard segments formed by the reaction of a diisocyanate with low molecular weight diols (and/or diamines) referred to as chain extenders. The thermodynamic incompatibility of soft and hard segments results in a phase-separated structure leading to adaptive properties of the bulk material. Soft segments may exhibit switching behavior (responsible for shape fixing) when the temperature is varied through the glass transition Tg [5,6] or melt Tm [7,8,9] temperatures. The hard segments provide the elasticity of the matrix that is required for shape recovery thanks to the presence of physical cross-links of hydrogen bonds. Improvement and modification of the adaptive properties of TPUs can be achieved either by changing the ratio of soft [10,11,12] and hard segments [1,13,14] or by introducing nanoscale fillers, such as silicon [2] or carbon nanoparticles [15,16,17]. In the last decade, researchers have been particularly attracted to nanoscale particles from natural sources to reinforce polymers or give them new functional properties.



Cellulose is the most abundant renewable and stable biopolymer in nature, surpassing the annual industrial output of all synthetic polymers. Cellulose materials are actively used to create a variety of nanostructures such as nanoparticles of cellulose (nanocellulose) which can be categorized based on their structures as nanocrystals, nanofibrils, and nanocomposites. Nanocellulose is of significant scientific and practical interest due to its optical and mechanical properties, chemical reactivity, biodegradability, recyclability, renewability, and low thermal expansion coefficient. Nanocellulose, however, does have some disadvantages that thus far have limited its widespread application. These include incompatibility with hydrophobic polymers and undesirable moisture absorption. To expand the range of applications of nanocellulose, additional functionality is being explored through covalent modification, blending, cross-linking, polymerization, or a combination of these.



The individual properties of nanocellulose and TPUs can be favorably combined in composite materials to provide significant advantages, especially with regard to mechanical and adaptive properties, biocompatibility, and biodegradability. TPU nanocomposites can contain nanocellulose as a reinforcing nanofiller that enhances the physico-mechanical and relaxation characteristics of the material [18,19]. These enhancements can be attributed to the formation of a percolation network in the polymer matrix and strong hydrogen bonds between the nanocellulose which help to dissipate energy. Thanks to these percolated hydrogen bonding networks, new nanocellulose-based TPU materials are being developed which are able to respond to water [20,21,22] and changing pH levels [23,24]. Nanocellulose can also improve the photothermal, electrical, mechanical, and other functional properties of hybrid TPU materials containing carbon nanoparticles [25,26] or metal nanoparticles [27] by increasing the stability of dispersions in water and organic media as well as the adhesion of these nanofillers to the polymer matrix. In this way, biocomposites based on TPU and nanocellulose, owing to the unique properties of the matrix and renewable sources of nanoparticles, open new horizons in science and biomedicine and industry.



There are a small number of review articles in the literature, which are primarily focused on specific stages of production or use such as the following:




	
methods of extraction [28,29,30],



	
nanocellulose modification [31,32],



	
methods of obtaining inorganic hybrid systems based on nanocellulose and carbon/metal nanoparticles [33,34,35],



	
influence of nanocellulose on the mechanical properties of thermoplastic elastomers.








A smaller number of reviews are also presented on their uses, including the following:




	
practical application of functional materials based on nanocellulose [28,35,36],



	
nanocellulose in drug delivery systems [37].








Diisocyanates have shown great potential as surface modifiers of nanocellulose. In 2019, a mini-review [38] presented commonly used strategies to modify nanocellulose using diisocyanates of different structures, along with their advantages and weaknesses. It is important to note that there are still no review publications describing the methods of obtaining TPU nanocellulose composites with different types of shape activation (i.e., sensitive to temperature and humidity) or structure control allowing the control of their mechanical and adaptive properties. Similarly, no generalized studies on the structure–property relationship of TPU composites containing nanocellulose are currently presented in the scientific literature.



In this review, we discuss the most recent developments in the field of biodegradable TPU composites containing a renewable nanomaterial such as nanocellulose. We will discuss producing nanocomposites, regulation of mechanical and adaptive properties, shape memory activation methods, and the applications of hybrid materials based upon them. It is not possible to cover every published work in this growing field. Instead, we aim to describe the current state of research in as much detail as possible and offer ideas for future opportunities with TPU nanocomposites.




2. From Cellulose to Nanocellulose


2.1. Structural Organization of Cellulose


Cellulose is the most abundant renewable polymer in nature and represents about 50 percent of natural biomass with an estimated annual production of about 50 billion tons [39]. It is worth noting that cellulose is the most environmentally friendly and easily obtainable biopolymer since it can be extracted from many plants.



The chemical structure of cellulose (Figure 1a) is a polysaccharide consisting of a linear chain of several hundreds to many thousands of β-(1 → 4) linked D-glucose units [40] (Figure 1b). Every other monomer is rotated by 180° in relation to the adjacent unit around the polymeric axis. Each cellulose chain has directional chemical asymmetry with respect to the ends of the molecular axis: one end has a chemically reducing functionality due to a hemiacetal unit, whilst the other is nominally non-reducing due to a pendant hydroxyl group (Figure 1a) [41]. Cellulose fibrils have a cross-sectional diameter between 10 nm and 450 nm and lengths up to a few micrometers. Variations in size depend on the biosynthesis features in different material sources [42].



Modern theories of the supramolecular structure of cellulose typically use an amorphous-crystalline representation, with macromolecules of cellulose combined into a crystalline elementary fibril (Figure 1c). Elementary fibrils are generally combined into microfibrils, which are also able to form fibers of higher orders [41]. Microfibrils consist of highly ordered micellar sections, each 50–150 nm long, connected by gaps of 25–50 nm in which the arrangement of elementary fibrils is less ordered. Some authors correlate it with the amorphous phase of cellulose [45]. The ability of glucopyranose rings to form intramolecular and intermolecular hydrogen bonds, however, leads to the aggregation of elementary fibrils even in these spaces. This allows us to attribute the most reactive amorphous part of cellulose exclusively to the surface of the crystallites in the interfibrillar pores [46]. The processing of cellulose fibers often changes both the structure and the sorption properties of the polymer [47].



Micelles and spaces between them do not have clear boundaries and are characterized by a smooth mutual transition into each other. Since the length of the cellulose macromolecule significantly exceeds the length of the micelle, each macromolecule can pass through several sections of microfibrils in which the cellulose chains can interrupt and overlap, resulting in higher fiber strength.



Taking into account the developments in the field of structural organization of cellulose, we also proposed a variant of the model [48] in which a macrofibril is formed from four microfibrils, each of which consists of four elementary fibrils (Figure 1d). Elementary fibrils have a hydrophilic surface and a layered internal structure. Because all hydroxyl groups responsible for inter- and intra-molecular hydrogen bonds lie in the equatorial plane (i.e., the plane in which most of the glucopyranose ring atoms are located), they form alternating layers for the central and angular chains [49]. Similar variants of the structural organization of cellulose microfibrils have also been proposed in the literature [50]. The layers interact due to van der Waals forces and relatively weak hydrogen bonds of the C-H···O type [49]. Both intra- and inter-molecular hydrogen bonds are characteristic of a single monomer (Figure 1a).




2.2. Morphology and Methods of Isolation of Nanocellulose


Cellulose nanoparticles, i.e., nanocellulose, have recently attracted great interest in science and industry. They represent a new class of renewable nanomaterials (NMs) due to their unique mechanical properties combined with nanoscale crystal and fiber morphology, chemically tunable surface, and biodegradability.



As the demand for high-performance materials increases, so has the need for nanocellulose. The growing number of published articles on nanocellulose, particularly those including cellulose nanocrystals (CNCs), is shown in Figure 2 and confirms the great research interest which is being generated by these NMs [51,52,53,54].



2.2.1. Nanocellulose Nomenclature


When analyzing the publications on cellulose nanomaterials (CNMs), it can be observed that several terminologies are used to describe them, leading to potential misunderstanding and ambiguity. Since there is still a dispute in the nomenclature of nanocellulose, it is important to perform a general formalization of the conceptual apparatus for the nanocellulose family and try to use the correct terms based on their morphology, size, and processing method. Several years ago, the Technical Association of the Pulp and Paper Industry (TAPPI) created a nanotechnology division to unify the nomenclature of cellulosic nanomaterials. A draft standard was developed for TAPPI WI 3021 [55]: Table 1 shows the standard terms and their definition for cellulosic nanomaterials. Broadly speaking, CNMs can be divided into nanostructured materials and cellulose nano-objects, which differ in shape and size (Figure 3). Nanostructured materials include the following:




	
Cellulose MicroCrystals (CMCs) (e.g., MicroCrystalline Cellulose or MCC) which are a type of cellulose nanostructured material and are approximately 10–15 μm in diameter, contain mostly crystalline regions, and are composed of aggregated bundles of cellulose chains;



	
Cellulose MicroFibrils (CMFs) (e.g., MicroFibrillated Cellulose or MFC) which are a type of cellulose nanofiber containing multiple elementary fibrils with both crystalline and amorphous regions and have a high aspect ratio with a width of 10–100 nm and length of 0.5–10 µm long [55,56].








Cellulose nano-objects include nanocellulose which, depending on the morphology, particle size, and method of isolation, is divided into three types [29,39,58]:




	
Cellulose NanoCrystals (CNCs), so-called crystalline cellulose fibers [53], which are mentioned in the literature with different names, including the following:




	o

	
cellulose nanowhiskers (CNWs),




	o

	
cellulose crystallites,




	o

	
nanorods,




	o

	
nanocrystalline cellulose (NCC),




	o

	
rod-like cellulose crystals.














These names characterize the form of CNCs: needle-shaped, elongated rod-like, or spindle-shaped with high rigidity of crystal fragments [59] which are described in the literature as rod-like cellulose crystals (whiskers, nanowhiskers, nanorods) [60]. CNCs modification with different shapes (or aspect ratios), sizes, and morphologies can be obtained depending on the source and isolation methods [61]. In general, for the purposes of TPU reinforcement, CNCs in the form of rods of various sizes with a diameter of 3–10 nm and a length of 100–500 nm are used. They are extracted from cellulose fibrils by acid hydrolysis with a degree of crystallinity of 54–88% (according to the X-Ray diffraction method) and a stiffness of 138–200 GPa [42].



	
Cellulose nanofibrils (CNFs), so-called semicrystalline cellulose fibers, are mentioned in the literature as [29]:




	o

	
nanofibrillated cellulose (NFC),




	o

	
nanosized fibrillated cellulose,




	o

	
cellulose fibrillar fibers,




	o

	
nanofibers,




	o

	
cellulose nanofibers,




	o

	
aggregates of fibrils, and sometimes




	o

	
CMFs or MFC.












The CNF sizes described in the literature vary depending on the natural source with diameters from 5 nm to 30 nm and lengths from 100 to 600 nm [55]. There is, however, a difference between the terms CNF and CMF which should be noted. These names should refer to the different sizes of cellulose nanofibers, which are strongly affected by machining and defibrillation. The defibrillation process creates fibers of smaller diameter (width) for CNF (5 to 30 nm) and larger diameter for CMF (10 to 100 nm). However, this distinction is not always taken into account and both terms are used interchangeably in the literature, leading to some confusion [29,55,62]. Compared to CNCs, CNFs have high aspect ratios (length to diameter), high surface areas, and a large number of hydroxyl groups that are easily available for surface modification. CNFs are long, flexible, and entangled nanocelluloses, which can be extracted from cellulose fibrils by mechanical methods involving several passes through a high-intensity homogenizer [63].



	
Bacterial nanocellulose (BNC), bacterial cellulose nanocrystals (BCNCs) or bacterial cellulose nanofibrils (BCNFs) are another type of nanocellulose that differ from cellulose nanocrystals and cellulose nanofibrils [64]. In the literature, BNC are referred to as either of the following:




	o

	
Bacterial Cellulose (BC) or




	o

	
Microbial Cellulose (MC).












Depending on the growth media and the fermentation method, ultrapure cellulose with different physio-chemical characteristics, size, and degree of crystallinity can be obtained. The degree of polymerization (DP) of BNC varies from 300 to 10,000 depending on the culture conditions, additives, and bacterial strains [65]. BCNFs are shaped like twisted ribbons with an average diameter of 10–40 nm and micrometer length with a large surface area [58]. The Young’s modulus of BCNFs are reported to range from 15 MPa [66] to 114 GPa [67] depending on the crystallinity and structural composition of the samples. Ultrarefining of BNC particles after spray drying results in BCNFs of different sizes and shapes [68]. By treating BNC with a mixture of strong acids, needle-shaped crystals of BNC with a length of 622–1322 nm and a diameter of 33.7–44.3 nm have been produced with increased thermal stability without reduced crystallinity [64]. The degree of crystallinity of BNC synthesized by Acetobacter (e.g., A. xylinum) according to the X-Ray diffraction method is between 84% and 88% [42,66,69].



In addition to the above types of nanocellulose, there are Amorphous NanoCellulose (ANC), Cellulose NanoYarn (CNY), and Amorphous cellulose NanoParticles (ANPs). ANC is a different type of nanocellulose, usually in the form of spherical or elliptical particles with a diameter of 80 to 120 nm. It can be obtained by acid hydrolysis followed by ultrasonic disintegration from regenerated cellulose, which, in turn, is obtained directly from cellulose solution by physical dissolution, molding, and regeneration process [28]. ANPs have been shown to have a spherical shape (Spherical NanoCellulose (SNC)) and are characterized by a high degree of pantamorphia, low DP, and an increased content of sulfonic groups [70].



ANCs are completely hydrolyzed by cellulolytic enzymes to form glucose. Concentrated pastes of ANPs can be used to prevent phase separation of aqueous dispersions of various substances thanks to a thickening effect. Low acidity and soft nanoparticles can be used in cosmetic formulations for gentle skin peeling. Moreover, due to the increased content of acidic functional groups, ANPs can immobilize various Therapeutically Active Substances (TASs) containing basic functional groups. The ANP-TAS complexes can be used in products aimed at effective skin care and treatment. ANCs with improved properties such as high availability, improved sorption, and a higher number of functional groups are primarily used as thickeners in aqueous systems and as carriers for bioactive substances [71].



CNY is one of the least studied nanocelluloses with a fiber size of 100–1000 nm. It is often obtained by electrospinning solutions containing cellulose or its derivatives forming mats of tangled long filaments. CNY has found application for use as wound dressings [72]. The DP of CNY is probably close to the DP of conventional hydrate cellulose fibers, i.e., 300–500. Wide Angle X-Ray Scattering studies reveal that the various kinds of CNY have low crystallinity. Since the stretching stage of the amorphized fibers is absent, the formed nanoyarn will have relatively poor mechanical characteristics. The resulting CNY mats are highly porous and can therefore be used as blotting and filtering materials [72]. More recently, Cellulose nanoplatelets (CNPs) formed by entangled cellulose nanofibers 3 nm in diameter were obtained by oxidation under mild conditions. The thickness of such CNPs is about 80 nm [73].



The nomenclature of nanocellulose—cellulose nanocrystals CNCs, cellulose nanofibrils CNFs, and bacterial nanocellulose BNC as described—will be used throughout this work to be consistent with the standard recommendation of the technical association of the pulp and paper industry [55].




2.2.2. Methods of Nanocellulose Extraction


CNCs have recently attracted significant attention from researchers due to their ability to increase the mechanical strength and lower the density of composite materials along with the excellent renewability, environmental friendliness, and biodegradability of nanocellulose [74]. Compared to thin flexible CNFs and BNC, rigid CNCs with relatively low aspect ratios give unique advantages when used as a reinforcing filler thanks to their rod-shaped morphology.



Since a large number of reviews [29,39,58] are devoted to a detailed description of nanocellulose release methods, we will only briefly discuss the primary methods encountered in the development of functional TPU nanocomposites here.



The isolation or release of crystalline domains in the form of cellulose nanoparticles from purified cellulose materials can be performed in the following ways:




	
Chemical, including acid hydrolysis [75,76],



	
Biological, including enzymatic treatment [77], and



	
Mechanical, including ultrasonic treatment, homogenization, and cryodestruction [78].








Both chemical and biological processes can be optimized to separate CNCs with the necessary thermal stability and dispersibility.



The most frequently reported chemical method is acid hydrolysis using sulfuric acid [63]. This provides the highest yield of rod-shaped CNCs, which are desirable for use in TPU reinforcement. During acid hydrolysis, amorphous (crystalline surface) and paracrystalline (spaces between the crystalline micelles) regions are hydrolyzed preferentially to the crystalline parts of cellulose, which have a stronger resistance to acid, and thus remain undamaged [79]. This method results in the creation of sulfate groups on the CNCs surface and prevents agglomeration promoting good dispersion in water [80]. The process typically involves acid hydrolysis under controlled conditions (time, temperature, and concentration), centrifugation, dialysis, sonication, freezing, and, finally, drying the suspension.



Acid hydrolysis using hydrochloric acid can also generate CNCs in the same form, but the resulting suspension tends to flocculate (clumping of small particles as flakes), limiting its dispersion. Other types of acids, such as formic acid [81] and hydrobromic acid [82], can also be used for CNCs extraction. The use of these acids in the extraction process, however, has disadvantages, such as corrosive activity and environmental hazards associated with high-energy consumption in addition to their propensity to cause decomposition of the crystalline fragments of nanocellulose.



Hydrolysis of cellulose using phosphoric acid [76] has recently been shown to lead to CNCs with higher thermal stability than those isolated by hydrolysis with sulfuric acid. However, this approach is hampered by the need to use large amounts of weak phosphoric acid and gives a lower yield.



Most CNCs extraction takes place using an optimized sequential addition of both weak and strong acids to give a higher yield of nanocellulose. It has been shown that rod-shaped CNCs with improved thermal stability (260–297 °C) and high dispersion stability can be produced by the combined mild acid hydrolysis method [61,78,83].



Two types of cellulose sources are used in the literature for the preparation of TPU nanocomposites with CNCs extraction by acid hydrolysis:




	
Advantec grade №1 filter paper, which consists of 100% alpha-cotton cellulose (cotton powders with a particle size of 20 mm, Sigmacell Cellulose Type 20, crystallinity 79%, and an average molecular weight of about 40,000 Da) [84].



	
CMCs from Avicel in two main types depending on the CMCs particle size: Avicel PH101 (particle size less than 50 µm) and Avicel PH301 (particle size ~180 µm) [85]. This is most commonly used to obtain cellulose nanocrystals in the development of TPU nanocomposites [86]. It is purified, partially depolymerized cellulose, extracted by acid hydrolysis (chemically active extrusion) of alpha-cotton cellulose, followed by drying and milling [87].








One promising method for the extraction of CNCs from an aqueous dispersion of microcrystalline cellulose is the scalable high-energy ball milling (HEBM) process [78]. The ball mill has many advantages, such as dry and wet grinding capability, temperature control, and scalability in batch and continuous formats. Recently, ball milling methods with solvents (DMF, DMAA) as liquid media have been successfully used to isolate cellulose nanoparticles. This process advantageously results in the preservation of the inherent crystallinity of the particles. Wet conditions are preferred for cellulose micronization with HEBM because the liquid can create a buffer space between the individual particles preventing the damage to their crystalline structure. Micronization of HEBM cellulose under mild conditions yields CNCs with an average aspect ratio between 20 and 26. CNCs also retain both their degree of crystallinity from 85 to 95% and an increased decomposition temperature (Tonset = 230–263 °C). Similarly, milling CMCs in the presence of dilute phosphoric acid was found to result in CNCs with an average aspect ratio of 21 to 33, high crystallinity (88–90%), and good thermal stability (Tonset = 250 °C). The resulting CNCs have suitable characteristics for improving the mechanical properties of thermoplastic polymers because the higher surface area increases the interaction between the filler and the polymer matrix.



CNFs are extracted by mechanical processing of cellulosic materials, followed by multi-pass homogenization [63]. In order to ease processing, the plant material is pretreated with various methods such as oxidative treatment by acid hydrolysis of phosphoric and sulfuric acids or ionic liquid treatment (for example, imidazolium salts such as 1-butyl-3-methylimidazolium chloride). Then, 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) [88] oxidation can be used as a pretreatment to promote CNF separation and make the nanocellulose surface hydrophobic. When TEMPO nanocellulose is oxidized in the presence of sodium perchlorate and sodium chlorite [89], anionic carboxylates are formed on its surface due to the oxidation of groups at C6 positions, resulting in better dispersion of nanocellulose in water [90]. As such, the obtained nanofibrillated cellulose is approximately 3–4 nm in diameter and a few microns in length with a carboxylic acid surface. TEMPO-oxidized cellulose nanofibers are always uniform width (3–4 nm) with a high aspect ratio and offer applications as transparent and flexible displays, gas-barrier films for packaging, and as nanofiber fillings for composite materials [58].



CNCs and CNFs are extracted from lignocellulosic biomass, while BNC is produced on an industrial scale by the accumulation of low molecular weight sugars by bacteria, especially Gluconacetobacter xylinus, over a period of several days to weeks. BNC is then extracted by static fermentation or fermentation under water [65]. The most efficient production of bacterial cellulose comes from Acetobacters, e.g., A. xylinum, A. hansenii, A. pasteurianus, and Komagataeibacter europaeus [91]. Static fermentation provides BNC with excellent crystallinity and mechanical strength, although long cultivation times and low productivity limit its industrial use. Underwater fermentation leads to a higher yield than static fermentation. Bacterial strains are incubated in a nutrient-rich aqueous environment and produce BNC at the aqueous–air interface as an exopolysaccharide. The elementary fibrils are released through the pores on the cellulose surface, which are then organized and crystallized into microfibrils with a twisted ribbon shape, followed by the formation of a film. BNC is comparable in purity to plant nanocellulose with similar chemical composition to CNCs and CNFs. The properties of the resulting BNC can be modulated by various means such as substrate manipulation, varying culture conditions and operation parameters, and proper selection of the bacterial strain [42].



In summary, the extraction of CNCs for application to TPU composites is based mainly on chemical extraction (hydrolysis) of CMCs with sulfuric or phosphoric acids, in addition to mechanical milling. CNFs, on the other hand, are extracted by oxidization of CMCs. Depending on the process, hydroxyl, carboxyl, sulfate, and phosphate groups are formed on the surface of the resulting nanocellulose. Such nanocellulose is used for the development of TPU composites both in their original form and with subsequent covalent functionalization [42].






3. Enhancing the Mechanical Properties and Shape Memory Effect of Thermoplastic Polyurethanes with Nanocellulose


3.1. Structure of Thermoplastic Polyurethanes


Shape memory polymers (SMPs) have long attracted the attention of scientists because of their extraordinary ability to take different shapes and maintain them until some external action, such as an increase in temperature, brings them back to their original form [92,93,94]. Such polymers belong to the class of thermo-sensitive materials. Of the temperature-responsive adaptive polymers, some of the most promising are TPUs, which have both thermoplastic and elastomeric properties (melting ability, recyclability, and ease of molding). This has led to such materials finding uses in many industrial fields [95,96,97].



TPUs are comprised of a phase-separated block copolymer consisting of thermodynamically incompatible soft segments based on polyether and polyester and hard segments formed by the reaction of diisocyanate with low molecular weight diols (and/or diamines). Figure 4a,b show typical chemical structures and morphologies of TPUs consisting of alternating soft and hard segments interconnected by strong covalent urethane bonds. Hard segments are combined into domains by hydrogen bonds and create a physical network in the polymer. The soft segments ensure the highly elastic deformability of the material. Due to its phase-separated structure, TPU demonstrates the thermo-sensitive shape memory effect (SME), returning to its original shape when heated [98]. Changes between these states are described as fixing (taking on the new shape) and recovery (returning to the original shape).



It is important to note that changes in the mechanical properties of TPUs can occur when the amorphous phase of the soft segment (for example, polyethylene glycol (PEG) or polypropylene glycol (PPG)) decomposes on heating [99,100,101] or as a result of the melting of the crystallizing soft segment (for example, poly(ε-caprolactone) PCL or poly(1,4-butylene)adipate PBA) [11,102,103,104,105]. Thus, the hard segments are responsible for the strength of the material and the fixation of the temporary shape, while the soft segments are responsible for the elasticity and the ability to change into the temporary shape.



Diisocyanates of different types and structures can be used in the synthesis of TPU (Figure 4c) [11,15,106]. This allows the structure of rigid domains to be changed and, as a consequence, changes the mechanical and adaptive properties of the resulting material. Linear aliphatic 1,6-hexamethylene diisocyanate (HMDI) is the most commonly used in the synthesis of TPU as it provides good biocompatibility and no cytotoxicity [107,108,109]. Due to the linear structure of HMDI, a dense network of hydrogen bonds between urethane groups is formed, leading to a high degree of order of the hard segments [14]. This results in strong phase separation between the soft and hard segments, providing the final product with optimized mechanical properties. Along with aliphatic TPU, aromatic diisocyanates such as 4,4′-diphenylmethane diisocyanate (MDI), 2,4-toluylene diisocyanate (TDI), and cycloaliphatic isophorone diisocyanate (IPDI) may be used for the synthesis of TPUs. The symmetrical structure of the aromatic MDI is such that a strong degree of phase separation is achieved between the soft and hard segments, especially at low temperatures [110]. This leads to a regular morphology and consequently high mechanical and adaptive properties of polyurethane materials. Materials based on MDI retain good cytocompatibility and can be used in the medical industry [111,112]. Hard segments based on cycloaliphatic IPDI with different isocyanate group reactivity [113,114] show a weak hydrogen bonding network, which leads to a high proportion of mixing of soft and hard segments, violating the phase-separated morphology [14]. This results in low strength and relaxation characteristics of the material, though, in combination with biodegradable polyols, it gives good biocompatibility and no cytotoxicity, permitting use in medical applications [108,115,116,117]. Aromatic TDI is a particularly interesting diisocyanate since its isocyanate groups in the ortho- and para-positions differ in their reactivity. The isocyanate group in the ortho-position is 5–10 times less reactive than the para-position due to steric hindrance from the adjacent methyl group. This makes aromatic diisocyanate very promising as a crosslinking agent as these groups can selectively react. Due to the high toxicity of aromatic TDI however, polyurethane materials based on it are not suitable for medical applications [116].



The most common chain extender used in the synthesis of TPU is 1,4-butane diol [118] which imparts excellent tensile strength and rebound elasticity to the material with appropriate combination of diisocyanate and polyol groups.



To improve the mechanical and adaptive properties of TPU, a combination of differently structured diisocyanates [1] and chain extenders containing hydroxyl and amine groups can be used [119,120]. This allows the concentration of urethane and urea groups to be regulated, changing the composition of hard segments and thus controlling the rate of shape recovery of thermo-sensitive materials in a targeted approach. The addition of a second polyol PCL, characterized by a lower rate of formation of the crystal phase compared to PBA, allows control of the content and size of crystal domains in TPU. This affects the mechanical properties of the material, changes the switching temperature, and can vary the rate of shape fixation from a few minutes to months [11,106]. By changing the ratio of functional groups, as well as the type and ratio of the crystallizing soft segments, a whole range of TPUs with SME can be obtained with different degrees of stiffness or hardness and response to temperature over a wide range. Depending on the type and composition of soft and hard segments and the chosen preparation method, the relationship between the structure and properties of adaptive TPUs can be extremely diverse. The shape recovery temperature can vary from −30 to 70 °C. A wide operating temperature allows the adaptive properties to be controlled and allows TPUs to find a wide variety of applications [18].



A disadvantage of TPUs is their low stiffness compared to SME metals, resulting in relatively little recovery force when actuated, making them unsuitable for some applications. To overcome this shortcoming, researchers have tried to increase the yield of TPU by adding reinforcing additives such as carbon nanofillers to the polymer matrix [121].



Another interesting behavior of TPU is creep: the time-dependent deformation of materials subjected to constant stress. Creep has both elastic and plastic components and, therefore, can be irreversible after the load is removed, leading to unacceptable deformations and, ultimately, failure of the material. TPU’s relatively low creep resistance is a common drawback that reduces durability and safety, limiting their possible applications. A way to solve this low creep resistance problem is to introduce nanoscale fillers, as demonstrated by Zhen Yao et al. [122], who demonstrated that even low concentrations of nanoparticles significantly improve the creep resistance of polyurethane. It does not, however, increase monotonically with the nanoparticle content because the creep resistance is strongly dependent on the nanoparticle dispersion in the polymer matrix. Due to the low concentrations of nanofillers incorporated in the production of nanocomposites, particle dispersion and wetting are of fundamental importance. These interrelated factors are influenced by processing conditions and the chemical composition of the base material, which also strongly modify the mechanical properties of the composite.



One of the most important factors affecting the reinforcing effect of the filler is the adhesion of the polymer to the surface of the filler. Interfacial adhesion depends on the nature of the bonds at the polymer-solid phase interface. The polymer–filler interaction leads to the development of localized stresses on the surface of the filler particles and determines the deformation and fracture characteristics of the resulting filled polymer.



Nowadays, nanocellulose is an ideal means of improving relaxation properties, thermal and mechanical characteristics, biodegradation period, and hemocompatibility of the polymer matrix. The low cost, low density, high stiffness, and biodegradability of nanocellulose also make its use attractive for many applications. Moreover, nanocellulose has polar groups that can interact with polar polymers such as TPU, resulting in a composite material with good interfacial adhesion [123].



It is expected that the introduction of small concentrations (less than 5 wt%) of nanocellulose particles into TPU will increase Young’s modulus or reduce creep, creating composite materials with increased stiffness without reducing elasticity.




3.2. Influence of the Mixing Method on the Properties of Nanocellulose Enriched Materials


Under suitable conditions, a percolation network of hydrogen bonds may form between the polymer matrix and nanocellulose. The formation of this network is dependent on homogeneous dispersion of the nanofiller and the percolation threshold, which in turn depends on the ratio of nanoparticle sizes and the strength of the filler–matrix interaction. The phenomenon of mechanical percolation is well described in the literature [124,125,126] and will not be covered in depth here. It has been found that the stiffness of composites improves with increasing aspect ratio of nanocellulose [124], causing a decrease in the critical percolation threshold and reinforcing the continuous network. Under these conditions, the basic polymer matrix plays no role in the mechanical stiffness of the material. This corresponds to the greatest mechanical stiffening effect that can be obtained with the introduction of these nanoparticles. For example, the percolation threshold at which TPU nanocomposites based on nanocellulose (TPU/nanocellulose) can demonstrate an increase in tensile strength without sacrificing tensile strain and material stiffness is observed at 1 vol% CNCs. Above this volume fraction, well-dispersed CNCs can contact each other and form large bar-like percolation structures with hydrogen bonds [127]. However, because of the dependence of the percolation threshold on the aspect ratio, the type of cellulose nanocrystals, and the structure of the TPU matrix, this value can be as high as 5 wt%.



TPU/nanocellulose nanocomposites are obtained by mixing nanocellulose or its functionalized derivatives with the polymer matrix or by in situ polymerization (Figure 5). Mixing methods include mixing in solution (dissolution or solvent casting method), sol-gel solvent exchange process, and melt mixing methods, each of which will be discussed in the following subsections.



3.2.1. Solution Method


One of the most common mixing methods is the dissolution or so-called solvent casting method, in which nanocellulose is first dispersed using an ultrasonic bath in a solvent (most often N,N-dimethylformamide (DMF)) and gradually adding TPU before casting and drying (solvent evaporation).



The addition of small amounts of nanocellulose improves the phase separation structure of the TPU matrix and thereby leads to a phase ordering of the soft and hard segments increasing the degree of crystallinity of the soft polyester segments. This makes it possible to control the shape recovery under temperature and strain conditions resulting from cyclic stretching. The improvement in mechanical characteristics, thermal stability, hydrophilic properties of the matrix, and biocompatibility expands possible practical applications of composites based on TPUs [128,129,130].



In the example of polyurethane IROGRAN PS455–203 (Tg = −36.5 °C, Tm = 41 °C) with a crystallizing soft segment, when 1 wt% CNC (isolated by CMCs Avicel PH−101 acid hydrolysis) was added by mixing in solution, an increase (by more than 80%) in the melting temperature of soft segment crystals was observed, indicating a decrease in interphase boundary distance and an increase in crystallinity. In addition, the composite showed an increase in Young’s modulus under tension of approximately 53% and a decrease in creep of around 36% [18].



Hongjie Bi [131] demonstrated improved interphase compatibility between the TPU matrix and CNCs while maintaining the self-repairability of the nanocomposite. Specifically, a mixture containing 1 wt% CNCs, polyurethane (Elastollan S85A), and high molecular weight PCL (Capa6500, Mn ~50,000 Da) was shown to have excellent mechanical properties as demonstrated by its ultimate tensile strength of 31 MPa and elongation at break of 1600%. Khadivi P et al. [85] illustrated the improvement of the shape memory properties as well as the mechanical and thermal stability of a TPU composite based on PEG (Mn ~600 Da), HMDI, and 1,4-butane diol when an optimal concentration of 0.5 wt% CNC (length 100–200 nm and diameter 10–20 nm) is incorporated. The enhancement of the nanocomposite’s properties is due to the induced crystallization and reinforcing effect of CNCs which form a dense network of hydrogen bonds between hydroxyl groups on the nanocellulose surface and the urethane groups of the hard segments. At concentrations lower than 0.5 wt% and higher than 2 wt%, a decrease in the degree of crystallinity of the material was observed due to disordered soft and hard segments associated with the destruction of hydrogen bonds between the urethane fragments [132].



The literature suggests that TPU composites differ significantly when nanocelluloses of different forms are introduced in the same concentration. For example, the introduction of CNFs into a TPU matrix demonstrates a greater improvement in the mechanical properties of the polymer matrix for CNFs than CNCs, which is associated with their higher aspect ratio and flexibility [133,134]. Another article shows that improvement of the mechanical properties of the polymer matrix is also associated with the variable dispersibility of nanocelluloses. Thus, TPU-based composites (synthesized from IPDI, PCL (molecular weight 4000 Da), and 1,4-butane diol) in the presence of CNFs have higher crystallinity and tensile strength than those prepared with CNCs due to better compatibility between CNFs and the TPU matrix [63]. It should, however, be noted that again the degree of crystallinity decreases at higher nanofiller content (more than 5 wt%) [135]. The authors suggest that CNF-induced crystallization of PCL segments is preferable compared to CNCs due to the better dispersibility of the nanofiller in the matrix. As with the CNCs, a rigid network of hydrogen bonds is formed between the CNF’s hydroxyl groups and the urethane groups of the TPU. As the concentration of nanofillers (CNC and CNF) increases, the Young’s modulus and tensile strength also increase, while the tensile strain decreases. The increase in tensile strength observed for the composites in the presence of CNFs was, however, more dramatic compared to the increase observed for the nanocomposites in the presence of CNFs thanks to the formation of a stronger hydrogen bonding network between the matrix and CNFs. The formation of such a network in the case of CNFs is supported by their flexibility due to the high aspect ratio and the presence of amorphous domains along the nanofibers.



The presence of reactive hydroxyl groups on the surface of nanocellulose increases the variety of possible modifications [136,137]. As a result, the stability of dispersions improves, and the thermal stability of polyurethane nanomaterials is increased. Surface modification and pretreatment methods for nanocellulose have now been developed and can be used to target improvement of specific properties. Furthermore, the nanoscale structure is responsible for the exponential increase in hydrogen bonding induced aggregation of these materials.




3.2.2. Nanocellulose Surface Modification for the Production of Polyurethane Nanocomposites with Shape Memory Effect


There are two general methods of modifying the surface of nanocellulose used in the creation of TPU nanocomposites:




	
Covalent chemical modification of the nanocellulose surface using, for example, phosphorus hydrolysis [138], sulfuric acid, oxidation, carboxylation (sodium perchlorate and chlorite or TEMPO [25,88,89], in situ polymerization with diisocyanates [128,130], or ionic liquid treatment [139].



	
Use of a CNC suspension with surface-active polysaccharides such as chitosan [24].








As a result of these approaches, the CNCs acquire hydrophobic properties which are often important in the development of materials for medical applications.



Chemically modified nanoparticles are dispersed in organic solvents with low polarity and mixed with the polymer solution or directly added to the polymer melt after drying. Two contradictory effects arise from this procedure, however. On the one hand, it improves the dispersion of nanoparticles in a continuous apolar medium, thus optimizing the mechanical properties (particularly strength and compressional modulus), while increasing the thermal stability of the resulting nanocomposite and its ability to respond to multiple external influences. This significantly expands the fields of application of TPU composites. On the other hand, the covalent modification limits the interaction between nanoparticles through the formation of hydrogen bonds of the nanocellulose with the matrix, which is the basis for the outstanding mechanical properties of nanocomposites in the presence of nanocellulose.



Covalent modification of nanocellulose is carried out at the hydrolysis stage to produce the CNCs, and is the most popular method of modifying the nanocellulose surface. The choice of acid also affects the properties of the CNCs obtained: those isolated using sulfuric or phosphoric acid have a negative surface charge due to the introduction of a number of sulfate or phosphate groups on the CNCs surface supporting the electrostatic stabilization of suspensions. The number of sulfate groups depends on the hydrolysis time and concentration of the sulfuric acid. Compared to phosphoric acid, sulfuric acid leads to a much higher surface charge density of the CNCs obtained. Although the literature indicates that phosphate groups introduced during hydrolysis are localized in C2 or C3, there is no evidence for the location of sulfate groups. Detailed descriptions of nanocellulose modification methods and in situ polymerization reactions of their surfaces are the subject of dedicated reviews [136,137].



Cai and co-workers [139] reported an example of chemical surface modification of MCC (particle size 20 mm) using an ionic liquid (1-allyl-3-methylimidazolium chloride) followed by hydrolysis with acetic acid to give improved tensile strength and shape memory TPU composite properties with improved thermal stability and impact strength. Rhodamine B (RhB), a popular fluorescent chromophore with excellent optical properties, was applied as a second modifier to enhance plasticity and provide thermal and photo-responses. The composite was prepared by mixing a polyurethane matrix (Desmopan DP 2795A based on crystallizable PBA, MDI, and 1,4-butane diol), modified MCC (f-MCC), and 0.25 wt% rhodamine in an N-methylpyrrolidone solution (Figure 6a). The results showed that the addition of highly dispersed 5 wt% f-MCC as a crosslinking agent increased impact strength and tensile strength by 1.93 and 2.65 times, respectively (Figure 6e), compared to the neat TPU matrix (Figure 6b). Covalent bonding and cross-linking between f-MCC and hard segments as well as the crystallization of the soft segments (Figure 6a) contributed to good temporal shape fixing (Rf of 98.8%). The chemical network and flexible physical network of hydrogen bonds between rhodamine and urethane groups of the TPU matrix provided plasticity, regulated the degree of phase separation, activated chain mobility, and, subsequently, improved the initial shape recovery. The films with complex geometry easily return to their original shape within 30 s when heated to 60 °C (Rr of 91.4%) (Figure 6c). The shape reversal mechanism of the TPU composite is illustrated in Figure 6b. The strong association between rhodamine and the hard segments of the TPU reduced the proportion of hydrogen bonded carbonyl groups of the hard segments and reduced the number of hard segments dispersed in the soft segments. This increases the mobility of the soft segments in the TPU matrix, leading to a lower glass transition temperature (Tg). On the other hand, the cross-linked network of rhodamine with the hard segment of the TPU matrix is sensitive to temperature changes and plays a dominant role in the shape memory properties of the TPU composite at high temperatures.



Scanning electron microscope (SEM) images of chipped TPU composites before and after cyclic thermomechanical tests (Figure 6d) showed no obvious changes in morphology indicating structural stability. This confirms a simultaneous increase in strength and impact toughness of TPU nanocomposites and lays a significant foundation for their widespread application in, for example, sensors, self-adapting fabric frameworks, and switchable devices.



The nanocellulose surface may be modified with diisocyanates including aliphatic HMDI [140,141], cycloaliphatic IPDI [142], aromatic MDI [128], and TDI [130,143,144,145,146,147] in order to improve the compatibility of nanocellulose with polyurethane matrix and the thermal stability and mechanical properties of the resulting nanocomposites. There are several means of obtaining polyurethane composites by in situ polymerization [38], the most relevant of which will be discussed here.



In the most common approach, one isocyanate group of the diisocyanate reacts with the hydroxyl groups of nanocellulose while the free isocyanate group further reacts with the functional monomer [128,130]. Occasionally, the free isocyanate group is reacted with low molecular weight alcohols to obtain a hydrophobic nanocellulose [143]. Such nanocellulose is then incorporated into a polyurethane matrix by solvent casting to produce a nanocomposite.



In a second variant, the prepolymer is obtained by reacting diisocyanate with macroglycol, whose isocyanate groups are further reacted with the hydroxyl groups of nanocellulose.



In another variant, the terminal isocyanate groups of the diisocyanate react simultaneously with both macroglycol and nanocellulose.



Tian et al. [141] reported the preparation of modified CNC by ureido-pyrimidinone (CNC–UPy) through graft polymerization of the hydroxyl groups of CNCs with isocyanate group of 2-(6-isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]pyrimidinone (UPy–NCO) in DMF solution. As shown in Figure 7, the modified CNC–UPy exhibits a typical rod-like morphology with an average length and diameter of 115 ± 50 nm and 21 ± 6 nm, respectively. It has been shown that a solvent cast composite containing 5 wt% of CNC–UPy exhibits high stiffness, strength, and impact resistance without sacrificing elongation at break compared to pure polyurethane. This is due to the high density of the hydrogen bond network between the TPU matrix and CNC–UPy. The TPU was synthesized from polytetramethylene glycol (PTMG) (Mn ~2000 Da), HMDI, and 1,4-butane diol. It was found that 5 wt% CNC–UPy incorporated into the matrix does not change the mobility of amorphous PTMG chains but prevents the crystallization of soft segments. When the content of CNC–UPs exceeds 5 wt%, the impact strength significantly decreases due to the formation of dimers between CNC–UPs, i.e., it results in a weaker interaction between CNC–UPs and the TPU matrix.



Noormohammadi et al. [129] demonstrated the effect of covalent modification of nanocellulose with an aromatic diisocyanate of symmetrical structure on the structure and mechanical characteristics of TPU nanocomposites. The nanocellulose was modified by the covalent addition of MDI to the CNC’s hydroxyl groups, followed by the interaction of the free isocyanate group with oleic alcohol. Composites obtained by introducing 5 wt% of the Modified CNC (MCNC) into a polyurethane matrix in the melt show an increase in Young’s modulus around 130% without a decrease in impact strength, tensile strength, or elongation at break. An increase in the crystallization temperature and thermal stability of the composites compared to the pure sample was also observed. It has been suggested that the improved properties of the nanocomposite are mainly due to the effective dispersion of modified CNC in the matrix.



Du and coworkers [130] presented an example of covalent modification of CNCs with aromatic TDI followed by interaction of isocyanate groups with 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (Figure 7a) which is an organophosphorus fire retardant to improve the shape memory properties of TPU. TPU was synthesized from PTMG (molecular weight of 2000 Da), TDI, and 1,4-butane diol (BD). The MCNC was found to show good dispersibility in the TPU matrix due to the covalent grafting of urethane groups to the CNC surface by diisocyanate and phosphorus containing additive. The most balanced improvement of crystallization properties (an increase in crystallinity degree and crystallization temperature) due to nucleation of nanoparticles, SME, mechanical, thermal stability, and fire resistance of composites (reduction of heat and smoke emission during combustion) was observed when 3 wt% MCNC was introduced. The composite exhibited rapid material shape recovery within 10 min at 37 °C while its shape fixity and shape recovery ratios (Rf of 94.5% and Rr of 96.8%) were maintained above 90% after 5 cycles (Figure 8c–e). The tensile strength and elongation at break of the composite are 13.1 MPa and 189.3%, respectively. This exciting result demonstrates application of the synthesized composites to create flame-retardant materials.



As mentioned earlier, the ortho-isocyanate group of TDI is 5–10 times less reactive than the para-isocyanate group due to the steric hindrance of the methyl group [148,149]. In such a process, TDI is believed to react with the hydroxyl groups of the CNC surface at the expense of the more reactive para-NCO followed by the interaction of the less reactive ortho-NCO with the desired monofunctional compound or polyol. It is important to note that this reaction is difficult to control because ortho-NCOs are not completely inactive during the first step [150]. This means that some of the TDI on the CNC surface reacts with both ortho-NCO and para-NCO and, therefore, becomes inoperative for subsequent grafting. This may explain the failure of some researchers to graft certain functional monomers onto a surface with CNC in similar quantities to the TDI present, since not all of the TDI molecules have free isocyanate groups [151]. Despite this difference in reactivity, the reaction parameters are significantly influenced by the para-/ortho-selectivity of the isocyanate groups. The disadvantage of these works [128,130] on the modification of the surface of nanocellulose with diisocyanates is the lack of information confirming the selective degree of substitution of para-/ortho-isocyanate groups, which negatively affects the subsequent stoichiometric interaction of the terminal isocyanate groups of the diisocyanate with alcohols or polyols.



It is important to note that despite the great potential of nanocellulose modification with diisocyanates to improve the properties of nanocellulose and composites based on it, there are a number of problems that limit their use; the main problem is that the grafting reaction of diisocyanates to the surface of nanocellulose must take place in a moisture-free environment in order to prevent their hydrolysis and cross-linking to form polyurea. It is also necessary for the nanocellulose to be dispersed into the organic solvents before the reaction starts. This becomes problematic because nanocellulose, especially CNF, tends to aggregate in these solvents, negatively affecting homogeneity; another problem is the difficulty of controlling the reaction between diisocyanates and nanocellulose. Although the intention is for the diisocyanates to react with the surface hydroxyl groups of the nanocellulose through only one of the two isocyanate groups, in reality, this cannot be achieved, resulting in both isocyanate groups becoming non-functional for any subsequent reaction [143,144,145,146]. This problem is made worse by the grafting of diisocyanates of asymmetrical structures such as IPDI and TDI in contrast to diisocyanates of linear structure (HMDI [140,141] and MDI [128]). Furthermore, the molecular flexibility of HMDI compared to TDI increases the ability of both of its isocyanate groups to interact with nanocellulose. Recently, Abushammala [146] developed a simple method to quantify the degree of substitution of ortho-isocyanate groups on the surface of nanocellulose when it reacts with TDI. Using this method, it was possible to optimize the reaction between TDI and nanocellulose to obtain a maximum selectivity of para-/ortho-isocyanate groups of 93%, meaning that 93% of the TDI molecules interact with the ortho-isocyanate groups of the nanocellulose surface. The study also showed that the reaction temperature has a negative effect on the selectivity as it minimizes the difference in reaction kinetics of the para- and ortho-isocyanate groups. The maximum selectivity of 93% can thus be achieved at a temperature of 35 °C with a molar ratio of the isocyanate groups of diisocyanate to the hydroxyl groups of nanocellulose [145]. Another possibility to overcome this problem is to modify the nanocellulose according to the variant involving the initial reaction of the diisocyanate with a functional polyol to form a macrodiisocyanate and then with the nanocellulose via the free isocyanate group. According to this variant of grafting, macrodiisocyanates that have free isocyanate groups will react with nanocellulose, while the other unreacted isocyanate group will be inactive and washed away after the reaction [38].



In the aliphatic IPDI molecule of asymmetric structure, the secondary isocyanate group (-NCO substituent directly linked to the ring) has a higher reactivity than the primary isocyanate group due to steric hindrance of the adjacent methyl group [152]. The reaction selectivity of the secondary isocyanate group can be increased by using dibutyltin dilaurate (DBTDL) as the main catalyst for the urethane formation reaction, while the primary isocyanate groups can be selectively inverted with 1,4-diazabicyclo[2.2.2]octane (DABCO) [113]. This enables the optimization of the selective addition of isocyanate groups to nanocellulose surfaces using two types of catalysts, DBTDL and DABCO [142], the effectiveness of which has been practically demonstrated. These results are in agreement with those of other researchers, who reported 100% conversion of secondary isocyanate groups catalyzed by dibutyl dilaurate tin at 20 °C for a 2:1 stoichiometry of isocyanate groups to hydroxyl groups [153]. Treatment of the CNC surface with IPDI followed by interaction of terminal isocyanate groups with a trifunctional alcohol (ARCOL®LHT-240 based on PPG with molecular weight 700 Da) resulted in an increase in the tensile strength of more than 200% compared to a pure matrix without significant reduction of elongation at break [142].



Imparting hydrophobic properties to the nanocellulose surface can be achieved through modification with cationic surfactants, particularly chitosan, without the formation of covalent bonds [24,154]. Adsorption of the ammonium groups of chitosan on the CNC surface due to electrostatic interactions and hydrogen bonding leads to a reduction of Young’s modulus without changing water absorption of polyurethane composites upon immersion in acidic, alkaline, and neutral media [154].



It is important to note that the solvent casting method has some disadvantages in terms of production speed, production costs and film quality (CNC tends to re-aggregate), and environmental problems due to the high solvent use. Production of polyurethane nanocomposites by mixing in solution, mainly in boiling DMF, has very limited use for large scale technologies due to potential toxicity problems and high melting point (153 °C) as well as the strong hydrogen bonding between the nitrogen atom of the DMF molecule and the hydroxyl group of nanocellulose. It is also challenging to completely remove such solvents by conventional drying processes, even when vacuum assisted, which is essential since residual solvent in the polymer matrix will have a detrimental effect on the properties of the final material. To date, the literature does not contain evidence of complete solvent removal from polyurethane matrices nor does it discuss the impact this has on the ultimate properties of the polymer.




3.2.3. Sol–Gel Solvent Exchange Process


The sol–gel reaction is a process in which a colloidal solution (the so called sol phase) is transformed into a solid gel phase. If the liquid component is then removed through drying, a so called aerogel can be produced. Such an approach can be used to form three-dimensional nanoporous cellulose gels (NCG) [43,155]. This method, based on a sol–gel solvent exchange process, is commonly used to reduce the surface energy of nanocelluloses, thereby improving their dispersibility and compatibility with non-polar media. The main requirements for production using such a process are that the solvent used to dissolve the polymer is miscible with the solvent used to produce an organogel from CNCs and that it does not re-disperse them.



The sol–gel process commences with a homogenous dispersion of CNCs in water or a suitable organic solvent such as N-methylpyrrolidine (NMP) or N,N-dimethylformamide (DMF) creating the sol. Gelation is subsequently induced through solvent exchange with a solvent that is miscible with the first such as acetone, ethanol, methanol, tetrahydrofuran (THF), or isopropanol. The nanocellulose content in this organogel is regulated by the concentration of the initial aqueous nanocellulose dispersion and the ratio to the organic solvent. This gel is then subjected to supercritical drying in alcohol, acetone or CO2, or vacuum freeze drying before being introduced into the polymer matrix [111,156]. More detailed preparation of nanocellulose aerogels and nanocellulose/polymer nanocomposites using sol–gel processes is described in other publications [43,155,157].



So far, only a limited number of examples for such sol–gel processing of CNC-based polyurethane materials have been explored and published. Li K. et al. [158] developed water-sensitive TPU nanocomposites with high cross-linking density and strong interactions between nanocellulose aerogels and polyurethane matrices. Aerogels (NCG) were prepared by replacing the water with acetone and THF, which were then covalently cross-linked with a PEG-based macrodiisocyanate (Mw ~2000 Da) and TDI, followed by the addition of a 3,3-dichloro-4,4-diamino-diphenylmethanelithium chain extender after solvent drying. A supercritical CO2-dried NCG aerogel has been shown to have highly porous networks, consisting of interconnected cellulose nanofibrils with about 20 nm diameter. The introduction of 9–16 vol% NCG aerogel into the hydrophilic TPU matrix leads to an improvement in the mechanical and relaxation properties of the composite.



It is a versatile approach achieving high dispersibility (even in hydrophobic polymers) and transport properties where the CNC hydrogen bonding network plays a vital role. However, solvent swapping is a relatively slow process and, like the solvent casting method, not an environmentally friendly means of producing nanocomposites.




3.2.4. Mixing in the Melt


The third mixing method is the traditional method of mixing in the melt (also known as compounding or reactive extrusion).



In compounding, CNCs can be blended with any thermoplastic polyurethane. The melt compounding process involves high processing temperatures and can therefore only be used to for TPU composites in the presence of CNCs obtained using HEBM rather than acid hydrolysis due to the need for high decomposition temperature and dispersibility. This behavior is usually related to sulfate groups as they can promote dehydration reactions and thereby reduce the thermal stability of the cellulose. The hydrophilicity of CNCs limits dispersion and affects melt workability and interfacial interactions between polymers and fillers. Strong hydrogen bonding between fillers drives a tendency for aggregation and poor dispersion in the polymer matrix during solvent-free processing. To improve the machinability of CNCs in the melt and increase thermal stability, modification of the CNC surface with organic compatibility agents is often used.



Such an approach is discussed by Amin et al. [86], who reported a TPU composite in the presence of HEBM-treated CNC (CNC-MC, length 424 nm, diameter 17 mm, aspect ratio 25) with increased thermal stability. Composites based on CNC treated with sulfuric (CNC-S, length 213 nm, diameter 16 nm, aspect ratio 13) acid show color changes in Texin 990 polyurethane film associated with degradation. This indicates that the production of transparent nanocomposites in large-scale compounding techniques using CNCs treated with sulfuric acid is most likely not feasible. They do, however, report obtaining heat-resistant composites based on TPU of the same Texin 990 grade without changing the optical transparency with CNC-MC and with CNC treated with phosphoric acid (CNC-P, length 270 nm, diameter 26 nm, aspect ratio 10) with no degradation. This has excellent potential for large scale production of transparent nanocomposites. Reinforcement effects in terms of improved tensile strength and impact toughness with no strained effect were observed for nanocomposites with all three CNCs. The improvement in properties was attributed to structural and morphological changes induced by the CNC. At very low concentrations (0.5–1 wt%), the nanocomposites showed improvements in creep modulus and hysteresis properties.



Reactive extrusion uses a standard polymer extruder as a chemical reactor for the synthesis of TPU nanocomposites. The main advantages of the reactive extrusion method are that it is a continuous process, has a large heat transfer area, and is economical. However, instability during polymerization due to large viscosity variations can lead to very low conversion rates or fluctuations in output. Nevertheless, it is considered one of the best methods for producing nanocomposites on a large scale because of its low environmental impact and short processing time.



Garces and coworkers [19] reported the effect of CNC (11.9 nm length, 3.1 nm diameter) concentration on the mechanical properties of thermoplastic polyurethane, DiAPLEX MM4520 (MDI, adipic acid, ethylene glycol, propylene glycol, 1,4-butane diol, bisphenol A, Tg = 45 °C). It was found that the introduction of 0.5–1 wt% CNCs by melt extrusion at 195 °C into the TPU resulted in increased yield strength, impact toughness, bending modulus, and recovery rate. The material has been shown to achieve the best dispersion with the addition of 0.5 wt% CNCs.



Amin et al. [159] demonstrated the scalable introduction of CNCs (diameter 3.45 ± 0. 75 nm and length 497 ± 106 nm, aspect ratio 144) without the use of organic solvents into a TPU matrix synthesized from PTMG (Mw ~41,000 and 98,000 Da), MDI, and 1,4-butane diol, resulting in a significant increase in tensile strength without compromising elastic properties including elongation at break, creep, and hysteresis. It was found that the introduction of nanocellulose, which is a heterogeneous nucleating agent, increases the interface area between the soft segments and the microphase of the hard segments forming nucleation points at the interface. Figure 9 show a TPU (Figure 9a) and a nanocomposite system of TPU/nanocellulose (Figure 9b–d) in which a new smaller microphase is formed from the hard segments. Figure 9a represents the TPU control which may consist of high hydrogen bonding arising from hard segments-hard segments interactions. Increasing the NCO/OH ratio from 1.00 to 1.03 leads to an increase in the nucleation (nucleation point) required to form a new crystalline microphase of the hard segments (Figure 9b–d). The introduction of 0.5 wt% of CNCs at a stoichiometric ratio of 1:1 for NCO:OH functional groups improved the tensile strength of the TPU by up to 43% without reducing the stiffness and elasticity of the TPU matrix. When more than 0.5 wt% CNC is added, phase mixing of hard and soft segments in the TPU matrix is observed, and an increase in the relaxation temperature associated with the formation of hydrogen bonds in the interface region was noted.



Shirole A. et al. [138] demonstrated the introduction of CNC (290 ± 110 nm length and 25 ± 5 nm diameter) containing phosphorylated groups into a TPU matrix by melt mixing. The use of phosphorylated CNCs was motivated by the fact that these particles offer a combination of good dispersibility and high thermal stability. Using the example of Desmopan DP2795A-based on a crystallizable soft switching segment of PBA and hard segments containing MDI and 1,4-butane diol, it was shown that thermomechanical properties can be modified, influencing the crystallization of soft or switching segments or a combination of both by adding a 1 wt% dodecane acid germinator. The introduction of 5–15 wt% phosphorylated CNCs by simply mixing in the melt increased the Young’s modulus from 150 MPa (pure polymer) to 572 MPa (15% CNCs), while mold stability at a given fixation temperature was increased from 47% to 75%. The temperature at which good fixation (>97%) could be quickly achieved was increased from 10 to 25 °C after the addition of 1 wt% dodecanoic acid, which is a nucleating agent for the crystallization of PBA.



In some cases, MCC or BNC are introduced into the TPU chain which, similar to CNCs, increases the strength characteristics of the matrix. For example, the introduction of 0.8 wt% MCC [86] into a TPU chain by extrusion at the macrodiisocyanate stage followed by the addition of a chain extender showed a 28% increase in tensile strength over the original thermoplastic polyurethane and a slight increase in Tg of the soft segment. The slight widening of the endothermic peak in the region of 150–200 °C associated with the melting of paracrystalline hard segments indicates the preferential association of MCC with the hard segment, thereby disrupting the ordering of the hard domains. Introduction of 0.5 wt% BNC by covalent cross-linking with an MDI and soybean polyol-based macrodiisocyanate demonstrates increases in flexural strength and Young’s modulus by 100% and 50%, respectively, compared to the TPU matrix alone [160].



It can be concluded that the blending of TPU with CNCs by means of large-scale production technologies (compounding, reactive extrusion, and molding) without affecting their physical properties, appearance, and elastic material properties is possible when using CNCs obtained by mechanical milling as well as covalent modification of the CNC surface, which gives increased thermal stability.



Composite materials can be prepared by compression molding (temperature 150–200 °C, pressure 100–200 bar, and pressing time 1–4 min) [161] by depositing MFC and CNF between TPU films based on MDI, 1,4-butane diol, and polyether with Tg = −48 °C and Mw ~30,000 Da. The results showed that both types of nanocellulose reinforce the TPU matrix and improve heat resistance. The introduction of 16.5 wt% CNFs to the polyurethane matrix increased the tensile strength by almost 500% and stiffness by 3000% compared to pure TPU.




3.2.5. In Situ Polymerization Method


The limitations discussed in the previous methods are partially alleviated by in situ polymerization. The in situ polymerization method consists of the pre-dispersion of nanocellulose in monomers (with or without solvent) followed by polymerization or curing to produce nanocomposites. However, for large-scale production, the production of polyurethane nanocomposites in solution is limited by the use of large quantities of solvents, which causes environmental problems and significantly increases the cost of producing nanocomposites to unacceptable levels. Despite these disadvantages, composites obtained by in situ polymerization have improved mechanical properties at low filler concentrations such as tensile strength and Young’s modulus, without reducing the elasticity of the matrix.



The introduction of small concentrations of 0.1–2wt% [127,162] CNCs by in situ polymerization of CNC hydroxyl groups with a macrodiisocyanate based on MDI and PTMG (Mn ~1000 Da) followed by chain extension with 1,4-butane diol affects the phase-separated morphology that depends on forming a network of hydrogen bonds between the soft and hard segments [111,127,162,163]. This leads to improved shape memory properties and a reduction in the Tg of the soft segment. The decrease in Tg for nanocomposites is due to the chemical cross-linking of CNCs to the hard segments of the TPU matrix, resulting in a decrease in the fraction of hydrogen bonds between the urethane groups of the hard segment and an increase in the mobility of the soft segment. An 8-fold increase in tensile strength with a marginal increase in modulus of elasticity is observed due to increased compatibility between matrix and nanofiller thanks to the large interfacial surface area and reduced number of agglomerates [127,164]. A higher amount of 2 wt% CNCs, however, leads to restriction of chain mobility due to chemical reaction between hydroxyl groups of CNCs and isocyanate groups of macro diisocyanate. This increases Tg of the soft block and reduces the mechanical properties and crystallinity of the rigid segment due to disruption of the hydrogen bond network [162].



It should be taken into account that in the works published for TPU, nanocomposites containing low concentrations of nanocellulose [127,165,166,167], where MDI or amorphous polyether segments were used, show a decrease in the degree of crystallinity of the hard segment and thermal stability of TPU matrix. When HMDI or crystallizable polyether segments are used for the synthesis of macrodiisocyanate, an increase in crystallinity of the solid phase is observed where low concentrations (1 wt%) of CNCs are introduced, which limits the orientation and crystallization of the amorphous segments during deformation, giving lower values of strength and elongation at rupture [163].



A non-cytotoxic, biocompatible, and biodegradable hydrophilic composite material was developed [168,169] by in situ polymerization, which can be used to create bone scaffolds (a biomaterial structure that serves as a substrate for tissue regeneration) in tissue engineering. The composite is obtained by covalently crosslinking a TPU (based on PCL with Mn ~2000 Da, HMDI, and 1,4-butane diol), 0.1–1 wt% CNCs (length and diameter are >200 nm and <10 nm), and crosslinking agent (acrylic-urethane diene monomer) based on HMDI and 2-hydroxyethyl methacrylate. Increasing the CNC concentration to 1 wt% improved Young’s modulus (19.6 MPa), tensile strength (447%), hydrophilicity, and biodegradation and reduced elongation at break.



Comparing the increase in Young’s modulus obtained for nanocomposites synthesized by in situ polymerization (CNCs chemically bonded to the polyurethane chain) with those obtained by solvent casting (CNCs physically bonded to the polyurethane chain) [170], it was observed that nanocomposites synthesized by in situ polymerization show a higher improvement in strength properties as Young’s modulus values increase by 35% in comparison to 22%, respectively (with the same CNC content).






4. Hybrid Thermoplastic Polyurethane Nanocomposites Containing Nanocellulose


Recently, new hybrid TPU materials have appeared containing nanocellulose and nanofillers (carbon nanoparticles [34,171] or other metal nanoparticles [172]), which impart various functional properties to the polymer matrix.



The main problem facing TPU nanocomposites containing nanofillers is the formation of agglomerates that affect their adaptive and mechanical properties. As described earlier, nanocellulose is a good dispersant and stabilizing agent; thus, it can be expected that its addition to the TPU matrix along with nanofillers will improve the stability of dispersions in aqueous and organic environments. This, in turn, should increase the functional properties of TPU nanocomposite materials.



Carbon nanotubes (CNTs) are the most common carbon nanofillers applied in TPU matrices since they have unexpectedly high heat and electrical conductivities and high strength, in comparison to bulk carbon. They are tubular structures formed from a single cylindrical sheet of graphene (single-walled carbon nanotubes, SWCNTs, or SWNTs) or several sheets of graphene arranged concentrically (multi-walled carbon nanotubes, MWCNT, or MWNT, which also includes double-walled carbon nanotubes DWCNT [173] and few-walled carbon nanotubes FWCNT [174]). The introduction of low concentrations of 0.5–10 wt% CNTs increases the electrical and mechanical properties of the TPU matrix. However, the key problems associated with the introduction of CNTs are discoloration or deterioration in the appearance of polymer composites [161], as well as poor processability at low concentrations due to the formation of agglomerates, which further reduce optical and electrical properties.



There are many active studies of hybrid materials that are a mixture of nanocellulose and carbon-containing nanofillers—mostly CNTs because they are biodegradable and recyclable. These materials can be synthesized with different properties that can be controlled by changing the combination of nanocellulose and CNTs depending on the desired application.



In the production of hybrid materials, the TPU matrix is mixed with a dispersion of nanocellulose and CNTs obtained by physical mixing in solution or by their covalent modification due to functional groups on the surface of nanocellulose and CNTs. Various forms of composites may then be produced from these, including aerogels, papers, foils, or fibers, depending on the ratio and processing [175,176,177]. Methods for obtaining such materials, characterization of properties, and possible applications are well described in recent reviews [34,178].



Despite the small number of different studies in the field of creating hybrid TPU materials based on a mixture of CNTs and nanocellulose, they are expected to find growing application in various fields such as biomedicine and industry, as shown in Figure 10.



A hybrid TPU composite can be obtained by mixing dispersions of nanocellulose and CNTs with a polymer matrix by solvent casting. For example, by mixing solutions of 1 wt% CNFs (CNF-C, particle size 6.5 nm, length 1000 nm) with 5–8 wt% carboxylated CNTs (diameter 30 and 60 nm, length 10–30 μm) in DMF [25], a hybrid electrically conductive TPU composite (conductivity 0.142 S/m) which changes its shape in water within 20 s was obtained (Figure 11). The presence of hydrogen bonding between the TPU matrix, CNFs, and CNTs contributes to the formation of a three-dimensional network structure which changes shape when the material is in contact with water. The shape fixity ratio induced by water (Rf) and the shape recovery ratio (Rr) were 49.65% and 76.64%, respectively. The tensile strength reached 31.78 MPa with a corresponding strain at break of 904.1% (Figure 11). The maximum increase in mechanical properties was observed for 6 wt% CNTs. The trend of the maximum mechanical properties of TPU composites with the introduction of nanoparticles is in good agreement with other sources [132,179,180,181]. It has been shown that the hybrid composite material can be used to reproduce large deformations and recover its original shape in water more than 1000 times with only minor reduction in material properties. This type of TPU composite, according to Wu et al. [182], can be used in the development of sensors or actuators that respond to water.



As with other TPU composites, the aspect ratio of nanocellulose and CNTs leads to an increase in the mechanical and electrical conductive properties, as well as an improvement in the sensitivity to stretching of the prepared sensors [26].



To improve the hydrophobic properties of CNTs and improve dispersion in organic solvents, CNFs may be oxidized with TEMPO to introduce carboxyl groups before mixing into the TPU matrix. This provides better wetting of the CNFs and, therefore, better dispersion of the mixture of CNFs and CNTs in the TPU matrix, leading to improved mechanical properties. Carboxyl groups at 1.698 mmol/g on the surface of CNFs give enhanced CNT dispersion, and the resulting composite film has a wide range of working deformations (up to 507%) [88]. A similar effect can be seen for Irogran PS455–203 with the introduction of a mixture of carboxylated CNFs and MWCNT, which has been demonstrated in [26]. For a content of 3 wt% CNFs and 3 wt% CNTs in the electrically conductive composite, the tensile strength and maximum elongation at break are 35.2 MP and 986%, respectively. The superior deformation performance of the composite is associated with better dispersion of nanofillers, increased interaction between CNFs and the TPU matrix due to its amphiphilicity, and an increase in the overall aspect ratio of CNTs and CNFs from 50 to 150.



CNCs can act as a template, dispersant, and stabilizing agent in the manufacturing of composites with metal nanoparticles together with CNTs [172]. It is been shown that the introduction of 5 wt% CNCs prevented the aggregation of gold nanoparticles and led to an increase in the photothermal effect (for a 532 nm laser) and SME. An increase in the modulus of elasticity of 31.79% and tensile strength by 22.73% was observed compared to pure TPU. The addition of CNCs also prevented the aggregation of gold nanoparticles, which enhanced the photothermal effect and shape-memory properties of the films.



In these ways, hybrid composite materials can be produced which consist of a TPU matrix, carbon nanofillers (CNTs or metal nanoparticles), and nanocellulose. The synergism in the polymer matrix of two functional nanofillers expands the possibilities of using polymer composites and makes it possible to obtain hybrid functional materials with high electrical conductivity, adjustable thermal and electrical conductivity, adjustable optical transparency, photothermal activity, high adsorption capacity, and shape response in the presence of water. Such fillers can also rearrange within the polymer, offering specific applications such as smart temperature control of electronics, smart building insulation, and temperature-adaptive clothing and can be used in any application where variable thermal conductivity can be beneficial.




5. Thermoplastic Polyurethanes with Nanocellulose as Shape Memory Switching Element


In the previous sections we have considered materials for which the mechanical and shape memory effect have been improved using nanocellulose. In this section we consider specifically the case where the shape memory switching effect is created thanks to the presence of nanocellulose.



5.1. Water-Sensitive Thermoplastic Polyurethane Nanocomposites Containing Nanocellulose


In recent years, water-response polymer nanocomposites have become the most attractive for potential biomedical applications (self-tightening sutures, self-healing stents, and active thermoregulation systems) and for use in wearable applications (smart textiles). Nanocellulose is one of the most promising types of materials that can be obtained by modifying SMP with hydrophilic nanofillers.



Water-sensitive SMPs obtained by incorporating CNCs (modulus 143 GPa, length 26 nm, diameter 2.2 µm) into a rubber copolymer of ethylene oxide and epichlorohydrin through a wetting and drying process are described by Capadona and Weder et al. [183]. The swelling of polymer nanocomposites based on nanocellulose in water and other solvents creating competing hydrogen bonds (DMF, isopropanol) results in the formation of a three-dimensional network of hydrogen bonds between nanocellulose and the solvent and gives a corresponding decrease in the elastic modulus of nanocomposites (creating the «off» state). When the solvent evaporates, strong hydrogen bonds are formed between the CNCs (forming a rigid percolation network), which leads to an increase in the elastic modulus of the nanocomposites (creating the «on» state). Thus, the mechanical properties of nanocellulose-based polymer composites can be selectively controlled by changing the hydrogen bond network between nanocellulose and solvent through a wetting–drying process.



In the previous section, we introduced nanocellulose composites with water-sensitive properties [20,21,111,184]. Such composites are obtained with a simple method of mixing a TPU matrix with nanocellulose in a solution before electrospinning. The mechanism for changing and restoring the shape of a TPU composite with polyethers as a soft segment that reacts to water due to the nanocellulose percolation network is shown in Figure 12 [20,185,186]. Here, the characteristic microstructure of a composite is shown, in which water sensitivity is based on the sorption–desorption of nanocellulose during a wetting–drying («off»–«on» state) process.



When the nanocellulose is introduced into the TPU matrix, a temporary network of hydrogen bonds between the nanocellulose (CNC or CNF) and the TPU is formed in the initial dry film. When the composite swells in water, water molecules can diffuse into the film, and competitive hydrogen bonds are formed between water molecules and hydroxyl groups of the nanocellulose, leading to the destruction of the temporary hydrogen bond network. In this state, the film becomes soft («off») and can be easily shaped by an external force. The material is then stretched to the desired deformed state and fixed thanks to the rigid percolation network of nanocellulose created by the removal of water by drying («on»). This new shape will be retained until the material is rewet and the network of hydrogen bonds between the nanocellulose and the TPU matrix is destroyed, restoring the original shape due to the material’s elasticity. The stiffness difference between hard and soft states can be tuned by changing the polymer matrix, the nanocellulose content, or both to suit the requirements of specific applications. Thus, the described SME mechanism is quite different from the traditional one in which water or other solvents are used as plasticizers to lower the transition temperature (melting or glass transition) of SMPs in order to enable shape recovery to start at or below room temperature [111]. The easy-to-apply programmed sorption and desorption process enables rapid recovery of the shape of TPU materials containing nanocellulose.



Wang et al. [187] demonstrated a water-sensitive TPU composite with high sensitivity and response rate based on this method. The nanocomposite was obtained by mixing polyurethane Texin985 based on PTMG, MDI, and 1,4-butane diol (Mn ~74,400 Da) in DMF with 10–40 wt% CNFs. The performance following the introduction of 30% CNF into the TPU matrix is shown by 10 stretch–recovery cycles in Figure 13 with a high shape recovery ratio (about 95%) in less than 1 min.



Zhu et al. [186] demonstrated the effect of CNC concentration on the manifestation of SME for a composite obtained by mixing a CNC suspension with commercial polyurethane HT751 (Mw ~330,000–600,000 Da, polymethyl methacrylate). CNCs are obtained from CMCs (CAS 51395-75-6) by acid hydrolysis with sulfuric acid followed by freeze drying. Composites containing 1–30 wt% CNCs exhibit shape recovery ratio over 90% after wetting for 10 min by immersion in water and fast form shape fixity ratio over 90% in a pre-deformed state at room temperature by drying at 75 °C.



The combination of a nanocellulose percolation network with the entropy elasticity of the TPU matrix is the basis for fixing the temporary shape during deformation in the dry state and restoring it to the original shape in the wet state. These materials represent one of the most promising areas of science due to the opportunities to use them in tissue engineering and controlled release devices.



A new strategy is currently being developed to combine two different types of switches into one material, allowing the TPU composite to respond to two external stimuli at once—for example, combining thermo- and water-sensitivities where the function of the first switch is performed by a crystallizing soft segment of TPU due to its melting when heated, and the function of the second switch is performed by nanocellulose due to the percolation network in water.



Luo et al. [188] well described the mechanism of SME change for TPU composite based on a crystallizable soft segment PCL (Mn ~4000 Da) and a hard segment based on MDI and 1,4-butane diol with a physical network of hydrogen bonds in the presence of CNCs. The structure of an example of such a nanocomposite, sensitive to moisture and temperature, is illustrated in Figure 14. Successful actuation due to change in temperature and immersion in water was demonstrated with the composites restored from a temporary form to a partial form and then finally back to the original form.



Li et al. [158] developed a similar system by introducing CNFs in the form of hydrogels (NCGs) into the TPU matrix obtained by the solvent replacement method, which is a promising method for obtaining TPU composites with improved mechanical properties. This composite was obtained by in situ polymerizations of a PEG-based macrodiisocyanate (Mw = 2000 Da) with TDI (1:1) followed by the addition of 9–45 vol% CNFs (NCG porous cellulose hydrogels) and a 3,3-dichloro-4,4-diamino-diphenylmethanelithium (MOCA) chain extender (Figure 15). NCGs are three-dimensional structured nanomaterials that hold large amounts of water while retaining their interconnected CNF networks after compression and subsequent solvent exchange with acetone and THF to form CNFs. The porosity of compressed NCG hydrogels ranges from 91% to 55%. Introduction of 9–16 vol% NCG results in improved phase separation between soft and hard segments despite high crosslink density and strong hydrogen bonding. The steric hindrances of the rigid NCG structure, however, significantly restrict the mobility of the soft and hard segments, leading to an increase in the glass transition temperature of the soft segments from −52.6 to −51.8 °C and that of the hard segments from 28.7 °C to 32.5 °C. The introduction of 6 to 45 wt% NCG had a significant effect on the mechanical properties of the nanocomposites. Their tensile strength and Young’s modulus increased to 105 and 894 MPa, respectively, with the introduction of 45 wt% NCG compared to 5.5 and 21 MPa for TPU in the absence of nanocellulose. NCG has been shown to improve the mechanical properties of TPU to a greater extent than CNCs. Thus, the tensile strength and Young’s modulus of TPU/CNC nanocomposites are 14.9 and 334.4 MPa, respectively [189], while TPU/MFC nanocomposites are 26.3 and 27.7 MPa, respectively [139], and TPU/BNC nanocomposites 5.2 and 151 MPa, respectively [160]. The resulting composite has strong water- and thermo-sensitive properties and changes shape under the influence of temperature and during the wetting–drying process.



The composite was shown to retain a temporary shape at 0 °C and quickly restore its original shape within 60 s at 60 °C due to the rigid network structure of CNFs and the elastomeric structure of the TPU matrix. After wetting the composite with water at 37 °C, there was a restoration of the shape of the material within 1 min. After evaporation of the absorbed water, the nanocomposites can be easily deformed into a temporary shape under the action of an external mechanical force resulting from the destruction or transformation of the strong hydrogen bond between the CNFs.



Electrospinning is a technique which has been used for over a century to produce narrow fibers, which are typically deposited into a random mat. Cellulose acetate was first used to produce cellulose fibers as early as 1938 to produce gas mask filters [190]. It is only in recent years, however, that the technique has been employed to produce SME composites with cellulose nanofibers in TPU. In the electrospinning technique, fibers of a few tens to hundreds of nanometers are produced by using a high voltage to force materials through small apertures, effectively extruding materials into fibers. In the work of Tan et al., for example [185], cellulose acetate (Mn ~30,000, 39.8 wt% acetyl) is dissolved for 2 h at room temperature in a binary solvent mixture of acetone/DMAc 3:1 by weight before producing a nanofibrous mat using a commercial electrospinner at 1.0 kV/cm. The mats are then deacetylised by soaking for 30 min in 0.5 mol/L sodium hydroxide/absolute ethanol solution. Solution casting is then used with the nanofibers and HT-751 TPU chips. The resulting composites demonstrated water-driven SME-effects with fixation ratios of up to 70% and recovery ratios over 90% after an initial cycle and provide repeatable behavior over 5 test cycles.



The main works in this area, including composite composition, main properties of their shape memory, and the type of nanoparticles used are presented in Table 2.




5.2. pH-Sensitive Thermoplastic Polyurethane Composites Containing Nanocellulose


Materials that change shape in physiological solutions at a given pH have excellent potential for use in medical applications since a rapid change in the pH value of various organs and tissues is often observed under pathological conditions [191].



To date, few papers have been published describing the manifestation of SMEs in TPU/nanocellulose composites through dissociation and association of hydrogen bonds under the influence of changes in the ambient pH.



To improve the water absorption properties of TPU composites in various pH environments, the CNC surface can be manipulated by covalent modification or modification using cationic surfactants without forming covalent bonds. For example, by modifying the CNC surface with chitosan, Wu and coworkers [24] were able to modify the mechanical properties of TPU composites depending on changes in the pH of the medium, which enables their application in both acidic and neutral environments. Chitosan is a polysaccharide obtained from chitin input by N-deacetylation [192], which dissolves (or swells upon crosslinking) when exposed to an acidic environment. Chitosan is positively charged under acidic conditions (cation sites: 5000 mmol·kg−1) [154] and can be adsorbed on the CNC surface by the driving forces of electrostatic interactions and hydrogen bonds. Decreases in moduli and equilibrium rate of water absorption rates were found for solutions with pH = 4 (1% acetic acid), pH = 13 (2% NaOH), and pH = 7 (distilled water). The ability of the composite to generate force (up to 0.11 N) has potential for applications in water-sensitive switches, sensors, and ultra-low power generation with the use of natural polysaccharides as functional components.



During the covalent modification of CNCs, various functional groups with a positive and negative charge are introduced onto their surfaces. CNCs are typically rich in sulfate ester groups on their surface, which are introduced by sulfuric acid hydrolysis [193]. The total number of anionic centers was reported to be between 47 and 110 mmol/kg with surface charge densities between 0.68 and 0.155 enm2 [193]. The dissociation of sulfate ester groups and hydroxyl groups on the CNC surface is also pH-sensitive, which ensures the pH-sensitive wettability of CNCs.



The CNC surface can also be functionalized with pyridine moieties via hydroxyl substitution of CNCs with pyridine-4-carbonyl chloride and carboxyl groups (CNC-CO2H) via TEMPO-mediated surface oxidation. Examples of the interesting properties of pH-sensitive TPU composites are described in [23,194]. A pH-sensitive composite was obtained by mixing a TPU solution based on a PEG-PCL copolymer, MDI, and 2,2-bis(hydroxymethyl) propionic acid chain extender with 5–20 wt% CNC functionalized with positively charged pyridine fragments (CNC-C6H4NO2). The resulting composite is insensitive to changes in heat and moisture, only displaying SME behavior when the pH changes. At high pH, pyridine is deprotonated, facilitating hydrogen bond interactions between the pyridine groups (and hydroxyl moieties) on the CNCs and the carbonyl groups (and amide groups) of the TPU matrix, while at low pH, protonation of the pyridine moieties reduces the interactions. In comparison, carboxyl-functionalized CNCs have an opposite response to pH changes [195,196], as the surface of carboxylated CNCs is negatively charged. The percolated network of the pH-sensitive TPU composite in the presence of CNC-C6H4NO2 and the process of changing the SME of the polymer material is shown in Figure 16 [23,194].



TDI—2,4-toluene diisocyanateThe values of Rf and Rr (more than 85%) for pH-sensitive TPU materials containing 20 wt% CNC-C6H4NO2 are sufficiently stable and show good repeatability with an increase in the number of cycles despite the decrease in Rr to 65% after the sixth cycle due to the orientation of nanocellulose along the drawing direction. Along with the pH sensitivity of CNCs, the mechanical properties of the composite are also improved [195].



Such pH-sensitive SME composites are promising in the development of biomaterials for medical applications (e.g., drug delivery systems, tissue engineering applications, or identifying infected tissues), where CNCs serve as a block for switching the properties of TPU materials in a physiological environment [24].





6. Application of Composites Based on Thermoplastic Polyurethane and Nanocellulose


Biocomposites based on TPU and nanocellulose are widely available and have good dispersibility, biocompatibility, and minimal cytotoxicity, which has seen their use in diverse applications. Our description of the biological properties of TPU was presented in the previous review [98] and goes beyond the present work.



In addition to the creation of multifunctional materials that react to heat, water, and changes in the pH of the environment, it is possible to significantly expand the prospects for using such materials in industrial applications through the addition of carbon and metal nanofillers (electrically conductive, photo-sensitive, and thermo-sensitive matrices), leading to opportunities in smart fabrics, fire-resistant materials, strain gauges, and biomedicine amongst others.



Currently, researchers have focused on the production of functional textiles from SME thermo-sensitive TPUs due to the wide transition temperature range, ease of manufacture, and the ability to produce fibers based on them using various production methods such as melt spinning and electrospinning, giving smart textiles which perceive, interact, and adapt to environmental influences.



Examples of thermally sensitive TPU composites based on CNCs with hydrophilic properties and the prospect of using such composites to create smart fabrics with a double response to both environmental temperature and humidity are particularly promising for practical applications [22,196]. Treatment of woolen fabrics with a nanocellulose-based polyurethane composite has been shown to prevent wool curling [22,196]. Korkmaz and co-workers [196] demonstrated that woolen fabrics modified with TPU nanocomposites (containing 5–20% CNCs) have a thermo- and moisture-sensitive response providing dynamic air permeability (the ability of the material to expel body evaporation) and sweat absorption at different temperatures and ambient humidity as well as excellent mechanical properties and the ability to prevent felting. This TPU nanocomposite (Figure 17) was obtained by mixing commercial polyurethane MM-3520®TPU (prepared from MDI, propylene glycol, PEG, 1,4-butane diol, and bisphenol A, Tg = 32.12 °C) with CNC (length 150–200 nm and width 20 nm, crystallinity 98.98%).



The introduction of CNCs modified with urethane-phosphorus-containing flame-retardant units (MCNC) into the TPU matrix holds promise for the use of such polymers as flame-retardant materials [130]. Such a composite material can be obtained using the solution method in DMF by mixing TPU based on PTMG (Mn ~2000 Da), TDI, and 1,4-butane diol with 3 wt% MCNC. This composite showed an improved limiting oxygen index value (23.8%) compared to the neat TPU matrix. In the vertical combustion test, self-extinguishing was observed in less than 30 s after the flame source was removed, while the composite burned with small flame drops. Together with the good dispersion of cellulose nanoparticles in a TPU matrix, the presence of nitrogen- and phosphorus-containing units on MCNCs can catalyze the formation of a phosphorus-reinforced carbonaceous block (solid phase) and promote the production of non-combustible gas products (gas phase) causing a self-extinguishing flame (Figure 18). The carbon barrier created can significantly reduce the transfer of oxygen and heat and the release of volatile products and, therefore, protect the underlying TPU composite.



Hybrid TPU composites based on nanocellulose can be used as strain gauges [25,26] with improved electrically conductive properties due to a better dispersion of CNTs in the polymer matrix. For example, it was shown [26] that with an increase in the CNF content from 0.5 to 1 and 3 wt%, the conductivities went from 0.0012 S/m to 0.0313 S/m and up to 0.28 S/m, respectively. This increase in electrical conductivity is due to the improved dispersion of the CNTs within the TPU matrix. Guanzheng Wu et al. [25] demonstrated the operation of a strain gauge based on a hybrid material of polyurethane BT-70ARYU, CNFs, and carboxylated MWCNT used for finger and arm flexion. The authors showed that such a gauge can effectively respond to human movement whilst the water-sensitive TPU material gives the sensor stability to a high number of cycle repetitions in a humid environment. The combination of responses to water and electricity will allow such materials to be used to develop new generations of water-sensitive sensors, actuators, or biomedical devices.



Similar materials containing electrically conductive nanoparticles have been developed for use as functional paper substrates in flexible electronics and information storage devices. Their properties depend on the size of the cellulose nanofibers and the amount of electrically conductive additive. The TPU composite was prepared by mixing a solution of polyacrylate urethane with 10% α-hydroxyketone to form a polyurethane gel followed by the introduction of a cellulose film with UV curing [197]. The cellulose film was obtained by covalent modification of a CNF-CNT sandwich. The successful production of highly transparent cellulose sheets impregnated with TPU/CNT composite with low permeability and electrically conductive properties (with a content of 5 wt% CNTs, the electrical conductivity was 0.0491 S/m) had a tensile strength of 4.08 MPa, a Young’s modulus around 261.19 Mpa, and elongation at break equal to 3.43%.



Designing scaffolds in tissue engineering from biocompatible materials is one of the most difficult problems in regenerative medicine since it is highly critical to the outcome. These materials must be biocompatible, provide a surface to which cells can successfully adhere, and should promote the ongoing growth of the cells. One of the problems with existing TPU materials used in the medical industry is their hydrophobicity. To overcome this problem, new biocompatible and hydrophilic TPU composites are being developed [168] by fabricating semi-interpenetrating polymer networks using cross-linking obtained by the reaction of HMDI with 2-hydroxyethyl methacrylate in the presence of CNC. The composite (semi-IPN) was prepared by mixing DMF into TPU based on PCL (Mn ~2000 Da), HMDI, and 1,4-butane diol with CNCs (length 100 nm and diameter 7 nm) alongside an acrylic urethane crosslinking agent. Stained microscopy of fibroblast cells (SNL76/7) confirms the results of the biocompatibility of TPU films in the presence of 0.1–1.0 wt% CNCs. Such composites have good biodegradation, degree of hydrophilicity, and mechanical properties and are non-cytotoxic. Studies in this field have also been published in other sources [162,169,198], indicating the prospects for the development of TPU composites based on nanocellulose in regenerative medicine.




7. Conclusions


In this review, we have presented the results of recent advances in the synthesis, modification, and application of adaptive composites based on thermoplastic polyurethanes and a renewable source of nanoparticles: nanocellulose (CNCs and CNFs). An important advantage of the TPU matrix class is the customization of the properties of polymeric materials for specific applications through thermodynamically incompatible soft and hard segments. The use of nanocellulose as nanoscale additives for TPU matrices can significantly improve the mechanical properties of the polymer composite and give it resistance to biodegradation.



It is worth noting that the final mechanical and adaptive properties of TPU composites, such as stiffness, strength, creep, and adhesion depends on many factors including the nanocellulose type, method used for isolation, aspect ratio, and mechanical threshold of percolation as well as the method used to produce the composite (solvent casting method, in situ polymerization, sol–gel solvent exchange process, compounding) and nanoparticle–matrix compatibility amongst others. The addition of nanocellulose or its derivatives obtained by covalent functionalization of its surface not only improves the mechanical properties and thermal stability of the matrix but also permits creation of composites with double memory responsive to water and changes in the pH of the environment. This creates opportunities for use in industry—for example, in the production of smart textiles, flame-retardant materials, and regenerative medicine scaffolds. The addition of nanocellulose to hybrid TPU composites in the presence of carbon nanofillers improves the conductive properties of the matrix, affecting the shape fixity ratio and shape recovery rate of smart materials by improving the dispersibility of carbon nanoparticles within the matrix. Such materials are showing great promise for the development of sensors—for example, in measuring strain.



It is important to note that, currently, most adaptive TPU composites are produced by solvent casting, which has issues around production speed, cost, and environmental impact as well as its tendency to exhibit nanocellulose reaggregation. There is no evidence of complete removal of the solvent from the polymer and no data on its effect on material properties, which is an area requiring further research. The latest compounding methods (mixing in the melt or high-performance extrusion) are used mainly for industrial scale production and are of little use for low-temperature medical composites in the presence of nanocellulose obtained by acid hydrolysis due to their low thermal stability.



One of the promising ways to obtain TPU nanocomposites is the modification of nanocellulose surfaces with diisocyanates. Despite the claimed potential of isocyanate compounds as chemical linkers and surface modifiers, researchers encounter many problems when isocyanate groups of diisocyanates interact with hydroxyl groups of nanocellulose, including the need for a moisture-free environment, nanocellulose aggregation during solvent exchange, reaction controllability, and self-polymerization of diisocyanates.



The large number of publications in this field, however, leaves no doubt that researchers will be able to overcome these shortcomings, resulting in the widespread introduction of composites based on adaptive TPUs and nanocellulose in countless high-tech fields.
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Figure 1. Chemical structure of cellulose representing reducing and non-reducing ends (a); D-glucose residues (b), the structure of cellulose macrofibrils (c), and variant cross section of macrofibrils consisting of aggregates microfibrils, each containing four elementary fibrils (d). Adapted from [40,43,44]. 
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Figure 2. Number of published articles on nanocrystalline cellulose per year from 2002 to 2022 according to Scopus (keywords: «cellulose nanocrystals», «cellulose nanowhiskers», and «nanocrystalline cellulose»). 
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Figure 3. Hierarchical structure of cellulose. Adapted from [57]. 
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Figure 4. General scheme of the studied TPUs synthesis, where (a) synthesis, (b) microphase separation structure of hard and soft segments, and (c) structure of typical diisocyanates reagents. 
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Figure 5. Producing TPU composites containing nanocellulose. 
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Figure 6. Proposed reactive mechanism and structure of double-networked TPU composites (a), shape change pattern of thermo-sensitive TPU composite (b), shape change of TPU composite (c), SEM micrographs of TPU composite before and after thermo-mechanical testing (d), mechanical properties of neat TPU and TPU composites (e). Adapted from [139]. 
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[image: Jcs 07 00168 g006]







[image: Jcs 07 00168 g007 550] 





Figure 7. Structure of modified nanocellulose (CNC–UPy) by in situ polymerization (a), AFM images CNC–UPy (b), mechanical properties of native TPU and composites in the presence of modified TPU/CNC−UPy and unmodified TPU/CNC nanocellulose (c). Adapted from [141]. 
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Figure 8. Structure of MCNC by in situ polymerization (a), composite production (b), shape memory behaviors (i.e., shape fixity and shape recovery ratios) of TPU and composites films (c), photographs showing the thermal-induced shape memory process of the representative TPU−MCNC3 film (d), schematic showing the possible mechanism of the thermal-induced shape memory behavior of TPU−MCNC composite (e). Adapted from [130]. 
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Figure 9. Schematic diagram representing nanocellulose induced nucleation point to the formation of the microstructure of the hard domain in TPU. Adapted from [159]. TPU (a), TPU/nanocellulose (b–d). 
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Figure 10. Diagram showing recycling from mixed materials of nanocellulose and CNTs to applications. Adapted from [34]. 
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Figure 11. Schematic illustration of the hydrogen bonding interaction mechanism among molecules of TPU, CNF-C, and CNTs and the film formation of TPU/CNF-C/CNTs (a), measured mechanical properties of nanocomposite films: typical tensile stress–strain curves, the inset shows the stress–strain curve of each sample stretching up to 30% (b), the strain and stress values at break for TPU/CNF-C/CNT composites with different CNT concentrations (c), experimental cyclic tensile TPU/CNF-C/CNT composites film without using any stimulus (d), and cyclic tensile of TPU/CNF-C/CNT composites film under water stimulus (e). Adapted from [25]. 






Figure 11. Schematic illustration of the hydrogen bonding interaction mechanism among molecules of TPU, CNF-C, and CNTs and the film formation of TPU/CNF-C/CNTs (a), measured mechanical properties of nanocomposite films: typical tensile stress–strain curves, the inset shows the stress–strain curve of each sample stretching up to 30% (b), the strain and stress values at break for TPU/CNF-C/CNT composites with different CNT concentrations (c), experimental cyclic tensile TPU/CNF-C/CNT composites film without using any stimulus (d), and cyclic tensile of TPU/CNF-C/CNT composites film under water stimulus (e). Adapted from [25].



[image: Jcs 07 00168 g011]







[image: Jcs 07 00168 g012 550] 





Figure 12. Proposed rapidly switchable water-sensitive shape-memory mechanism for the TPU/CNCs comprising a CNC percolation network in an elastomeric matrix. Adapted from [187]. 
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Figure 13. The grasp of the plastic target object from water (a) and the release of dye (methyl blue) in water (b), the dependence of Rf on CNF content for composite films in the first (pre-stretch) and second testing cycle (c), the variation of Rr with the immersion time for different composite films in first (pre-stretch) and second testing cycle (d), the statistic of Rf and Rr of the TPU/CNF composite film containing 30% CMF for 10 times cycles, indicating that the obtained film has good recyclability (e), the schematic illustration of the test process for water-induced SMP (f). Adapted from [187]. 
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Figure 14. Structure of the TPU/CNC nanocomposites with twin switches. Adapted from [188]. 
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Figure 15. Preparation of double-network TPU/NCG nanocomposites. NCG hydrogel is solvent-exchanged with acetone, THF, and then a mixture of TPU prepolymer and MOCA to form NCG-TPU prepolymer-MOCA gel. In situ polymerization yielded the TPU/NCG nanocomposite (a), schematic illustration of the synthetic procedure of the TPU/NCG nanocomposite (b), and typical stress−strain curves of neat TPU and TPU/NCG nanocomposites containing 9 vol% NCG (c). Adapted from [158]. 
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Figure 16. Schematic representation of the pH-responsive shape memory materials, which rely on a hydrogen bonding switching mechanism in the interactions between cellulose nanocrystals (CNC−C6H4NO2) within polymer matrix upon immersion in HCl solution (pH = 4) or NaOH solution (pH = 8). Adapted from [23]. 
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Figure 17. Fabrication procedure of dual responsive smart wool fabrics functionalized by nanocomposite polymer (TPU polymer and CNC particles). Adapted from [197]. 
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Figure 18. Schematic representation of the possible flame-retardant mechanism of composite. Adapted from [130]. 
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Table 1. Standard terms for CNMs (according to TAPPI WI 3021 [55]).
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	Terminology and Nomenclature

of Cellulose Nanomaterials
	Diameter

(nm)
	Length

(nm)
	Aspect Ratio

(Length/Diameter)





	Cellulose NanoCrystal (CNC)
	3–10
	<500
	˃5



	Cellulose NanoFibril (CNF)
	5–30
	100–600
	˃50



	Bacterial NanoCellulose (BNC)
	10–40
	˃1000
	100–150



	Cellulose MicroCrystal (CMC)
	10,000–15,000
	˃1000
	<2



	Cellulose MicroFibril (CMF)
	10–100
	500–10,000
	50–500



	Amorphous NanoCellulose (ANC)
	80–120
	-
	-



	Cellulose NanoYarn (CNY)
	100–1000
	several microns
	-



	Amorphous cellulose NanoParticles (ANP)
	3
	-
	-
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Table 2. Comparison of shape recovery rates in water for TPU composites with SME containing nanocellulose.
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	Composite and Method of Production
	Composition of Thermoplastic Polyurethanes
	Nanoparticle Size and Concentration
	Film Thickness (mm)
	Response Temperature (°C)
	Response Time (min)
	Reference





	Texin 985/CNF

mixing in solution
	PTMG; MDI; 1,4-butane diol
	datdiameter 15 nm,

length 250 nm,

aspect ratio 16.67

30 wt%
	0.1–0.2
	room
	1
	[187]



	TPU/CNC

mixing in solution
	PCL (Mn ~4000 Da); MDI; 1,4-butane diol
	-
	-
	65
	2–3
	[188]



	TPU HT751/CNC

mixing in solution
	polymethyl methacrylate
	diameter 18.5 ± 5.9 nm, length 272 ± 87 nm,

aspect ratio 15,

4.6 wt%
	0.2
	room
	10
	[186]



	TPU HT-751/CNC

electrospinning
	polymethyl methacrylate
	diameter 50–650 nm,

24.0 wt%

width 200–300 nm
	-
	room
	2
	[185]



	TPU-CNC

In situ
	HMDI; glycerol, sebacic acid
	length <200 nm,

aspect ratio 11.8,

18.6 vol%

width 18 nm,
	0.15–0.25
	37 (pH = 7.4),

22 (water)
	30
	[182]



	Texin 985-CNC

In situ
	PTMG (Mn ~2000 Da), MDI; 1,4-butane diol
	length 200 nm,

aspect ratio ~11,

20 wt%
	0.2–0.3
	37
	24 h
	[20]



	TPU-CNF

In situ
	PEG (Mw ~2000 Da); TDI;

3,3-dichloro-4,4-diamino-diphenylmethanelithium
	diameter 20 nm

9 wt%
	-
	37
	1
	[158]







PTMG—poly(tetramethylene ether) glycol; MDI—4,4′-methylenediphenyl diisocyanate; PCL—poly(ε-caprolactone); HMDI—1,6-hexamethylene diisocyanate; PEG—polyethylene glycol.
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